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(57) ABSTRACT

A light emitting apparatus includes a light emitting device
emitting primary light and a wavelength conversion unit
absorbing a part of the primary light to emit secondary light.
The wavelength conversion unit includes a first wavelength
conversion unit containing at least a nanocrystalline phosphor
and a second wavelength conversion unit containing a rare-
carth-activated phosphor or a transition-metal-element-acti-
vated phosphor. In the light emitting device, the first wave-
length conversion unit and the second wavelength conversion
unit are closely stacked in order.
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RELATION BETWEEN SEALING B —SIAION CONTENT AND DEGRADATION
OF NANCCRYSTALLINE PHOSPHOR |

| INTEGRAL EMISSION I INTEGRAL EMISSION
INTENSITY OF INTENSITY OF
B -SiAION CONTENT (g) NANOCRYSTALLINE | NANOCRYSTALLINE
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PRODUCTION IS DAYS FROM
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(b) 0.1 | 100 46.8
(¢) 0.3 100 55.5
(d) O (ONLY SILICONE RESIN IS STACKED) 100 32.3
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LIGHT EMITTING APPARATUS AND
METHOD FOR MANUFACTURING THEREOFK

This nonprovisional application 1s based on Japanese
Patent Application No. 2010-175873 filed on Aug. 5, 2010,

No. 2010-230555 filed on Oct. 13, 2010, No. 2010-273091
filed on Dec. 8, 2010, No. 2011-045917 filed on Mar. 3, 2011,
No. 2011-142412 filed on Jun. 28, 2011 and No. 2011-
142413 filed on Jun. 28, 2011 with the Japan Patent Office,
the entire contents of which are hereby 1incorporated by ret-
erence.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present imnvention relates to a light emitting apparatus
and a method for manufacturing the light emitting apparatus,
and particularly to a light emitting apparatus using a phosphor
excited by light emitted from a light source as well as a
method for manufacturing the light emitting apparatus.

2. Description of the Background Art

As a next generation light emitting apparatus that 1s
expected to consume less electrical power, have compact size,
and exhibit high brightness, a light emitting apparatus using a
light emitting diode (hereinafter LED) 1s being looked to.
Examples of the light emitting apparatus using an LED
include an LED backlight for a liquid crystal display and an
LED light bulb. A light emission unit of the LED backlight or
LED light bulb emaits light which 1s different from the original
light emitted from the LED 1tself. Specifically, the light emis-
sion umt of the light emitting apparatus using the LED emuts
a mixture of light into which a part of the light from the LED
1s wavelength-converted by a phosphor, and the original light
from the LED without being wavelength-converted by the
phosphor.

Use of a nanocrystal as the above-described phosphor 1s
expected to improve the luminous efficiency as compared
with conventional phosphors. A nanocrystalline phosphor
can Ireely control the color to be emitted, from blue (short
wavelength) to red (long wavelength), by changing the par-
ticle size to exhibit the quantum size effect. Conditions under
which the nanocrystal 1s fabricated may be optimized to
climinate vanations 1n particle size distribution of the nanoc-
rystal and thereby obtain a nanocrystalline phosphor with a
substantially uniform particle size. The uniform particle size
of the nanocrystal enables a narrow emission spectrum to be
obtained.

An example of the light emitting apparatus using such a
nanocrystalline phosphor 1s disclosed in Japanese Patent Lay-
ing-Open No. 2004-071357 (Patent Document 1). FIG. 14 1s
a schematic side view of a light emitting apparatus of Patent
Document 1. The light emitting apparatus of Patent Docu-
ment 1 uses, for a wavelength conversion unit, a phosphor
made up of nanocrystal particles of ditierent sizes. Phosphor
particles are distributed so that particles of greater sizes are
located closer to the light source. More specifically, a red
phosphor, a green phosphor, and a blue phosphor are distrib-
uted 1n this order so that the red phosphor 1s closest to the light
source. Here, the red phosphor 1s an InN based nanocrystal of
the largest particle size emitting red light. The green phosphor
1s an InN based nanocrystal of an intermediate particle size
emitting green light. The blue phosphor 1s an InN based
nanocrystal of the smallest particle size emitting blue light.

FI1G. 135 15 a schematic diagram of a light emitting appara-
tus 1n Japanese Patent Laying-Open No. 2007-049114 (Patent
Document 2). Light emitting apparatus 90 of Patent Docu-
ment 2 includes a light emitting device 91 emitting primary
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2

light, and a wavelength conversion unit 92 absorbing a part of
the primary light and emitting secondary light having a wave-

length equal to or longer than the wavelength of the primary
light. Wavelength conversion unit 92 includes multiple dii-
terent phosphors 93, 94, 95 having respective emission wave-
lengths different from each other. At least one of these mul-
tiple different phosphors has an absorption band which 1s
capable of absorbing the secondary light emitted from at least
another one of the phosphors. Such a structure enables a light
emitting apparatus ol a high brightness with easy setting of
the emission color to be implemented.

SUMMARY OF THE INVENTION

The light emitting apparatus disclosed 1n above-referenced
Patent Document 1 uses a single nanocrystalline material
with different particles sizes for the wavelength conversion
unit. The top surface of the blue phosphor in the uppermost
layer of the stack of the wavelength conversion unit is
exposed to the atmosphere. The nanocrystalline phosphor 1s
potentially susceptible to oxygen and moisture, and a result-
ant problem 1s therefore that the uppermost-layer phosphor
which 1s 1n direct contact with the air 1s degraded to cause the
performance of the light emitting apparatus to be deterio-
rated.

Further, in light emitting apparatus 90 of above-referenced
Patent Document 2, the light emitted from light emitting
device 91 propagates through each layer while the light 1s
partially absorbed or scattered 1n the upper layer(s), resulting
in a low light extraction efficiency of the red light ematted
from the lowermost layer 93. In particular, 1f the resin forming
the upper layer(s) 1s of low viscosity, the phosphor 1s not
mixed umformly 1n the resin and the phosphor may then settle
to form a layer. This phosphor layer hinders emission of light
from light emitting device 91 or causes the light to scatter, and
therefore the light from the lowermost layer 93 1s hindered
from being extracted. Accordingly, the balance between
respective emission intensities of the colors 1s lost, which
makes 1t difficult to implement 1deal color reproducibility and
brightness. Further, the heat radiated from the light emitting
device 1s not suificiently dissipated from the inside of the light
emitting apparatus. Consequently, the electrical energy may
not be converted into optical energy, the luminous efficiency
may be reduced and the light emitting apparatus may further
be deteriorated.

An object of the present invention 1s to implement a light
emitting apparatus that utilizes the characteristics of a nanoc-
rystalline phosphor and 1s still less prone to sufler from phos-
phor performance decline and degradation.

A light emitting apparatus according to the present mnven-
tion includes a light emitting device emitting primary light,
and a wavelength conversion unit absorbing a part of the
primary light to emit a secondary light. The wavelength con-
version unit includes a first wavelength conversion unit con-
taining at least a nanocrystalline phosphor, and a second
wavelength conversion unit containing a rare-earth-activated
phosphor or a transition-metal-element-activated phosphor.
In the light emitting device, the first wavelength conversion
unit and the second wavelength conversion unit are closely
stacked 1n order.

The first wavelength conversion unit and the second wave-
length conversion unit may have respective light emission
bands different from each other.

A wavelength of the secondary light emitted by the first
wavelength conversion unit may be relatively longer than a
wavelength of the secondary light emitted by the second
wavelength conversion unit.
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In the second wavelength conversion unit, an optically
transparent material without containing a phosphor may be
disposed.

The nanocrystalline phosphor may be formed of a group
I1I-V compound semiconductor or a group II-VI compound
semiconductor, and may contain one of or both InP and CdSe.

The rare-earth-activated phosphor may contain Ce or Eu as
an activator, and may be a nitride-based phosphor.

Phosphors may be stacked 1n order of a longer peak wave-
length 1n a direction of propagation of the primary light. The
wavelength conversion unit may have a non-uniform thick-
ness 1n a direction of an optical path of the primary light. The
second wavelength conversion unit may have a non-uniform
thickness 1n a direction of an optical path of the primary light.

The second wavelength conversion unit may have a smaller
area than the first wavelength conversion unit, along an inter-
face where the first wavelength conversion unit and the sec-
ond wavelength conversion unit abut on each other. The light
emitting apparatus may include a heat dissipation plate near
the light emitting device.

A method for manufacturing a light emitting apparatus
according to the present imvention includes the steps of:
mounting a light emitting device on a bottom of a package;
forming a first wavelength conversion unit by injecting and
curing a liquid resin in which a nanocrystalline phosphor 1s
mixed to cover the light emitting device; and forming a sec-
ond wavelength conversion unit by injecting and curing, on
the first wavelength conversion unit, a liquid resin 1n which a
rare-carth-activated phosphor or a transition-metal-element-
activated phosphor 1s mixed.

The step of forming the second wavelength conversion unit

may be performed by injecting and curing a liquid resin in
which the rare-earth-activated phosphor or the transition-
metal-element-activated phosphor and an optically transpar-
ent material without containing a phosphor are mixed. The
method may further include the step of removing a part of the
second wavelength conversion unit.
In accordance with an aspect of the present invention, a
light emitting apparatus of a long lifetime that utilizes the
characteristics ol a nanocrystalline phosphor and prevents
performance decline and degradation can be implemented. In
accordance with another aspect, a light emitting apparatus
capable of exhibiting improved color reproducibility and
brightness can be implemented 1n a simple manner. In accor-
dance with still another aspect, a light emitting apparatus
capable of adjusting emission color, alleviating influence of
light scattering, and less prone to suifer from reduced lumi-
nous efficiency or deterioration of the light emitting apparatus
can be implemented 1n a simple manner.

The foregoing and other objects, features, aspects and
advantages of the present invention will become more appar-
ent from the following detailed description of the present
invention when taken in conjunction with the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a cross section of a light emitting apparatus 1n a
first embodiment.

FIGS. 2 and 3 illustrate a process of manufacturing the
light emitting apparatus.

FI1G. 4 illustrates an emission spectrum of the light emitting,
apparatus.

FIGS. 5 and 6 1llustrate comparative examples to be com-
pared with examples of the present invention.
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FIG. 7 i1llustrates the results of measurement of the integral
emission intensity of the light emitting apparatus with pas-
sage of time.

FIG. 8 1s a cross section of a light emitting apparatus 1n a
third embodiment.

FIG. 9 1s a cross section of a light emitting apparatus 1n a

fourth embodiment.

FIG. 10 1s a cross section of a light emitting apparatus 1n a
fitth embodiment.

FIG. 11 1llustrates an example of the light emitting appa-
ratus 1n which a heat dissipation plate 1s disposed.

FIG. 12 15 a cross section of a light emitting apparatus in a
s1xth embodiment.

FIG. 13 1s a cross section of a light emitting apparatus in a
seventh embodiment.

FIG. 14 1s a cross section of a light emitting apparatus of
Patent Document 1.

FIG. 15 1s a cross section of a light emitting apparatus of
Patent Document 2.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the present invention will heremafter be
described with reference to FIGS. 1 to 13. In the drawings, the
same reference characters denote the same or corresponding
components. “Nanocrystal” herein refers to a crystal which
has 1ts s1ze reduced to be substantially as small as the exciton
Bohr radius so that exciton confinement and increased band-
gap energy caused by the quantum size effect are observed.

First Embodiment

FIG. 1 1s a cross section of a light emitting apparatus 1n the
present embodiment. Light emitting apparatus 10 1s consti-
tuted of a substrate 2 on which an electrode 1 1s formed, a
package 3 and a light emitting device 4 that are mounted on
clectrode 1, a wire 5 connecting light emitting device 4 and
clectrode 1, and a wavelength conversion unit. The wave-
length conversion unit includes a first wavelength conversion
unit 6 containing semiconductor nanoparticles and a second
wavelength conversion unit 7 containing Fu-activated [3-s1a-
lon phosphor that are stacked in order of propagation of light
from light emitting device 4.

Electrode 1 1s electrically connected by wire 5 to light
emitting device 4. As the conductor that forms electrode 1, a
material serving as an electrical conduction path for electrical
connection with light emitting device 4 has to be used. Spe-
cifically, a metallized layer containing particles of a metal
such as W, Mo, Cu, or Ag for example may be used. Substrate
2 15 preferably formed of a material having a high thermal
conductivity and a high total reflectivity. As the material that
forms substrate 2, therefore, a ceramic material such as alu-
mina, aluminum nitride or the like, or a polymeric resin in
which metal oxide fine particles are dispersed, for example,
may suitably be used.

Package 3 1s formed for example of polyphthalamide hav-
ing a high reflectance and good adherence to an encapsulant
resin. Light emitting device 4 1s used as a light source. For
example, a GaN-based light emitting diode, a ZnO-based
light emitting diode, a diamond-based light emitting diode or
the like that has a peak wavelength at 450 nm may be used.

First wavelength conversion umt 6 1s formed of a resin
layer containing a phosphor. As the phosphor, an InP-based
nanocrystal may be used. InP may have areduced particle size
(nanocrystallized) so that the quantum efiect can be used to
control the bandgap within the range from blue to red. For first
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wavelength conversion unit 6, an InP-based nanocrystal with
its particle size adjusted so that 1t emits red light of an emis-
sion wavelength of 620 to 750 nm 1s mixed 1n a silicone resin
that 1s then cured may be used.

As the red phosphor dispersed 1n first wavelength conver-
sion unit 6, a group III-V compound semiconductor other
than InP may be used, or a nanocrystal of a group 1I-VI
compound semiconductor may be used. Examples of the
group II-VI binary compound semiconductor may include
CdS, CdSe, CdTe, ZnS, ZnSe, Zn'le, HgS, HgSe, Hg'le,
PbSe, PbS, and the like. Examples of the Group I1I-V binary
compound semiconductor may include GalN, GaP, GaAs,
AIN, AIP, AlAs, InN, InP, InAs, and the like.

Further, examples of ternary and quaternary compound
semiconductors may 1include CdSeS, CdSeTle, CdSTe,
/nSeS, ZnSeTe, ZnSTe, HgSeS, HgSe'le, HgSTe, CdZnS,
CdZnSe, CdZnTe, CdHgS, CdHgSe, CdHgle, HgZnS,
Hg/ZnSe, HgZn'Te, CdZnSeS, CdZnSeTe, CdZnSTe, CdHg-
SeS, CdHgSeTe, CdHgSTe, HgZnSeS, HgZnSele, HgZn-
STe, GaNP, GaNAs, GaPAs, AINP, AINAs, AlIPAs, InNP,
InNAs, InPAs, InGaN, GaAINP, GaAlNAs, GaAlPAs,
GalnNP, GalnNAs, GalnPAs, InAINP, InAINAs, InAlPAs,
and the like.

As the phosphor dispersed 1n first wavelength conversion
unit 6, a nanocrystal containing In and P or a nanocrystal
containing Cd and Se 1s preferably used, since these nanoc-
rystals ol a particle size emitting light of a wavelength 1n a
visible range of 380 nm to 780 nm are easy to fabricate.

Preferably, as the phosphor dispersed 1n first wavelength
conversion umt 6, InP or CdSe 1s used, and more preferably
InP without contaiming Cd which exhibits high toxicity is
used. InP and CdSe are each made up of a small number of
clements and therefore easy to fabricate, and they exhibit a
high quantum yield and a high luminous efficiency when
illuminated with LED light. “Quantum yield” represents the
ratio of the number of emitted photons to the number of
absorbed photons.

Further, second wavelength conversion unit 7 1s formed of
a resin layer containing a phosphor that emaits light of a
wavelength different from that of above-described first wave-
length conversion unit 6. As this phosphor, a rare-ecarth-acti-
vated phosphor or a transition-metal-element-activated phos-
phor 1s used, since these phosphors are less prone to suiler
from reduced luminous efliciency which 1s caused by influ-
ence ol oxygen or moisture. As the rare-earth-activated phos-
phor, YAG:Ce, namely a phosphor which 1s yttrium alumi-
num garnet (YAG) i which certum (Ce) serving as an

activator 1s introduced may be used for example.

Furthermore, the phosphor contained in second wave-
length conversion unit 7 1s preferably a nitride based phos-
phor activated by a rare earth or transition metal element,
since 1t 1s less prone to decrease in luminous efficiency even
under a high temperature condition. A possible nitride based
phosphor 1s a sialon phosphor, suitably a phosphor which 1s
B3-sialon (S1AION) activated by a rare earth element or a
transition metal element. As the nitride based phosphor acti-
vated by arare earth element, [p-sialon activated by Tb, Yb, or
Ag for example emits green light of 525 nm to 545 nm and 1s
therefore suitable.

Further, as the phosphor which emits green light, [p-s1alon
activated by Eu®* is known. The Eu-activated [-sialon can be
manufactured by any conventionally known method. Specifi-
cally, the Eu-activated {3-sialon phosphor 1s obtained for
example by uniformly mixing a metal compound containing
an optically active element Eu such as Eu,O;, EuN, or the like
with aluminum nitride (AIN) powder and silicon nitride pow-
der (S1,N,) and then firing the mixture at approximately

10

15

20

25

30

35

40

45

50

55

60

65

6

1800° C. to 2000° C. The material powder mixture ratio 1s
appropriately selected 1n consideration of the composition of
the phosphor after fired.

Next, an example method for manufacturing light emitting
apparatus 10 will be described. The present embodiment will
be described 1n which the resin layers containing phosphors
are two layers. As long as the resin layers containing phos-
phors have respective emission bands different from each
other, the number of layers may be larger than two. Light
emitting apparatuses with the increased number of resin lay-
ers can still be manufactured similarly.

FIGS. 2 and 3 illustrate a process of manufacturing light
emitting apparatus 10. First, as shown 1n FIG. 2, an LED
package 1s prepared that includes electrode 1, substrate 2,
package 3, light emitting device 4, and wire 5.

Next, a resin and a toluene solution containing a red phos-
phor which 1s a nanocrystal are mixed at a ratio by weight of
resin:red phosphor=1000:4.62. As the red phosphor, an InP
crystal material 1s used. As the resin, silicone resin SCR1011
manufactured by Shin-Etsu Chemical Co. Ltd. 1s used. Any
s1licone resin other than SCR1011 may be used. The silicone
resin 1s not particularly limited as long as 1t 1s transparent,
allows a nanocrystalline red phosphor to be dispersed uni-
tormly, and resistant to heat and light. FIG. 3 illustrates a state
where first wavelength conversion unit 6 has been formed. As
shown 1n FIG. 3, a liquid resin containing a nanocrystalline
red phosphor 1s dropped 1n the above-described LED pack-
age, and 1s cured 1n a predetermined time to thereby produce
first wavelength conversion unit 6.

Next, a resin and an Eu-activated p-sialon phosphor are
mixed at a ratio by weight of 1000:200. As the silicone resin,
aresin similar to that used for first wavelength conversion unit
6 may be used.

After this, the liquid resin containing the Eu-activated
3-s1alon 1s dropped 1n the LED package 1n which first wave-
length conversion unit 6 has been formed, and cured 1n a
predetermined time to thereby produce second wavelength
conversion unit 7. Here, first wavelength conversion unit 6
and second wavelength conversion unit 7 are identical 1n
thickness 1n the direction of the optical path of the primary
light. Depending on the specifications required of the light
emitting apparatus, however, respective thicknesses may be
determined as appropriate. In the above-described manner,
light emitting apparatus 10 as shown 1n FIG. 1 1s produced.

The above-described manufacturing method 1s not particu-
larly limited as long as the method forms second wavelength
conversion unit 7 on first wavelength conversion unit 6. Fur-
ther, while second wavelength conversion unit 7 1s laid on first
wavelength conversion unit 6 1n the present embodiment, any
layer other than the above-described ones may be stacked
between first wavelength conversion unit 6 and second wave-
length conversion unit 7.

The emission spectrum of light emitting apparatus 10 fab-
ricated through the above-described procedure was measured
with a spectrophotometer (product name: MCPD-7000
(manufactured by Otsuka Electronics Co. Ltd.)). FIG. 4 1s a
graph showing the emission spectrum of light emitting appa-
ratus 10. Since the nanocrystalline red phosphor 1s used, the
emission spectrum 1s narrower than that of conventional red
phosphors, the NTSC (National Television System Commuit-
tee) ratio 1s enhanced, and the color reproducibility 1s
improved.

In connection with the present embodiment, the method for
manufacturing light emitting apparatus 10 has been 1illus-
trated 1n which the wavelength conversion unit includes only
the first wavelength conversion unit and the second wave-
length conversion unit. Another wavelength conversion unit
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containing another phosphor, however, may also be stacked.
As the phosphor in each wavelength conversion unit, a phos-
phor that absorbs the whole light having an energy larger than
the excitation energy of the phosphor and then emaits second-
ary light has to be used. The secondary light emitted from a
phosphor having a large excitation energy (blue phosphor for
example) 1s more prone to be absorbed by a phosphor having
a smaller excitation energy (red phosphor for example). In
this case, 1t 1s difficult to achieve a desired color balance. In
order to avoid such absorption of light by the phosphor, pret-
erably a phosphor having a relatively longer peak wavelength
1s stacked first in the direction of propagation of the primary
light. Accordingly, the secondary light emitted from each
phosphor will hardly be absorbed again by another phosphor
that emits another light, and a desired color balance can be
achieved.

Second Embodiment

Then, by a similar method to the first embodiment, three
different light emitting apparatuses are fabricated in which
respective contents of the Eu-activated [3-sialon contained in
the second wavelength conversion umt are different. More
specifically, three different light emitting apparatuses are pro-
duced 1n which respective amounts of Eu-activated 3-sialon
phosphor per 1 g of the silicone resin (SCR1011) 1 second
wavelength conversion unit 7 are (a) 0.03 g, (b) 0.1 g, and (c¢)
0.3 g. Asthesiliconeresin, SCR1011, which is the same as the
first embodiment, 1s used and stacked to a thickness which 1s
substantially identical to that of the second wavelength con-
version umt shown in FIG. 1.

Comparative Example

As Comparative Example 1, a light emitting apparatus (d)
in which only a silicone resin 9 is stacked on first wavelength
conversion unit 6 1s produced (FIG. 5). As Comparative
Example 2, a light emitting apparatus (e) in which no silicon
resin or no layer 1s stacked on the first wavelength conversion
unit and first wavelength conversion unit 6 1s exposed to the
air 1s produced (FIG. 6).

Results of Measurement

The results of measurement comparison between the inte-
gral emission intensity taken immediately after the light emat-
ting apparatuses (a) to (e) as described above are produced
and the integral emission 1ntensity after a certain time there-
from are shown 1n FIG. 7. The integral emission intensity 1s
calculated by measuring the emission spectrum with the spec-
trophotometer MCPD-7000 and integrating the emission
intensity of wavelengths 630 nm to 780 nm. Specifically, the
integral emission intensity of the red phosphor taken at the
time each light emitting apparatus 1s produced 1s defined as
100, and the integral emission intensity of the red phosphor
after 30 days from the production 1s calculated.

As shown by (a) to (¢) in FIG. 7, the second wavelength
conversion unit in which an Fu-activated 3-s1alon 1s mixed 1n
a silicone resin can be formed so that reduction in the integral
emission 1ntensity of the nanocrystalline phosphor after 30
days from production 1s only almost a half of the reference
value of the integral emission intensity immediately after
production. In contrast, the light emitting apparatus of (¢) has
the integral emission intensity 30.5 a.u. (arb unit), which 1s
considerably degraded with the passage of time. Further, the
light emitting apparatus of (d) has the integral emission inten-
sity 32.3 a.u. with its degree of deterioration smaller than that
having no silicone resin. It 1s seen from the above that silicone
resin contained in the second wavelength conversion unit
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protects the red phosphor contained 1n the first wavelength
conversion unit from oxygen and moisture 1n the air.

As to variations with time, light emitting apparatuses (a) to
(c) 1n which the second wavelength conversion unit contain-
ing silicone resin and the Eu-activated [3-sialon phosphor 1s
stacked have a higher integral emission intensity than that of
the apparatus (d) in which only silicone resin 9 1s stacked on
the nanocrystalline red phosphor, or the apparatus (e) in
which nothing 1s stacked on the first wavelength conversion
umt. In particular, the integral emission intensity of the appa-
ratus (c¢) in which 0.3 g of Eu-activated {3-sialon phosphor 1s
mixed 1n 1 g of silicone resin 1s 55.5 a.u., which exhibits an
excellent effect of preventing degradation. Since a rare-earth-
activated or transition-metal-element-activated phosphor 1s
resistant to oxygen and moisture, this phosphor contained in
the second wavelength conversion umt improves the capabil-
ity of sealing and protecting the phosphor contained 1n the
first wavelength conversion unit.

Further, increase of the concentration of the rare-earth-
activated phosphor or the transition-metal-element-activated
phosphor contained 1n the second wavelength conversion unit
enhances the effect of protecting the phosphor contained 1n
the first wavelength conversion unit, which has been demon-
strated through experiments.

As heretofore described, the second wavelength conver-
s10n unit containing a rare-earth-activated phosphor or a tran-
sition-metal-element-activated phosphor that 1s formed on
the first wavelength conversion unit containing a nanocrys-
talline phosphor acts to allow the rare-earth-activated or tran-
sition-metal-element-activated phosphor to perform the func-
tion of protecting the phosphor contained in the first
wavelength conversion unit 1n addition to the functions of
conventional phosphors. Thus, it 1s not necessary to use a
special layer or cap such as resin stacked to protect the nanoc-
rystalline phosphor from oxygen and moisture, and no addi-
tional manufacturing step 1s thus required. As seen from the
above, the present mvention can efficiently obtain a light
emitting apparatus that utilizes the characteristics of the
nanocrystalline phosphor while protecting the phosphor con-
tained 1n the first wavelength conversion unit from oxygen
and moisture and preventing deterioration of the light emat-
ting apparatus, and therefore has excellent durabaility.

Third Embodiment

The present embodiment 1s 1dentical to the light emitting
apparatus of the first embodiment except that resin tlakes 8
are contained in second wavelength conversion unit 7 of the
first embodiment. FIG. 8 1s a cross section of a light emitting
apparatus 1n the third embodiment. Resin flakes 8 disper-
stvely mixed 1n second wavelength conversion unit 7 are not
particularly limited as long as they are an optically transpar-
ent material, and mainly a silicone or epoxy based material 1s
used. While resin flakes 8 1n the shape of beads are commonly
used, the shape 1s not particularly limited to this. Respective
s1zes of resin flakes 8, however, are preferably uniform. In the
present embodiment, flakes of a resin having a refractive
index 1dentical to or close to that of the resin layer forming
second wavelength conversion unit 7 are used. Here, the
refractive index of the resin flakes may be different from the
refractive index of the resin layer so that light scattering 1s
utilized. Further, while the present embodiment uses resin
flakes, the material 1s not limited to the resin as long as 1t 1s
optically transparent such as glass, oxide, fluoride or the like
for example.

In a similar manner to the first embodiment, first wave-
length conversion unit 6 1s formed as shown 1n FIG. 3. After
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this, in the LED package in which first wavelength conversion
unit 6 has been formed, a liquid resin containing an Eu-
activated p-sialon phosphor and resin flakes 8 1s dropped and
cured 1n a predetermined time to produce second wavelength
conversion unit 7. As the liquid resin dropped as described
above, a resin and an Eu-activated {3-sialon phosphor and
resin tlakes that are mixed at a ratio by weight of 70:15:15 1s
used. The liquid resin used here may be a silicone resin
similar to the first embodiment.

The light from first wavelength conversion unmit 6 could be
reflected from the resin layer interface between first wave-
length conversion unit 6 and second wavelength conversion
unit 7, resulting 1n emission loss. Further, immediately after
the liquid resin 1s dropped 1n the LED package 1n the process
of producing second wavelength conversion unit 7, the phos-
phor 1n the liquid resin could be caused to settle by gravity
betfore the liquid resin 1s cured, even 11 the phosphor 1s almost
uniformly dispersed in the liquid resin, resulting 1n a phos-
phor layer in the bottom portion of second wavelength con-
version unit 7. This phosphor layer causes the light from first
wavelength conversion unit 6 to scatter to thereby hinder the
light from first wavelength conversion unit 6 from being
emitted upward. Thus, depending on the state of mixture 1n
the resin, the phosphor of second wavelength conversion unit
7 may be located locally at a certain area 1n second wave-
length conversion unit 7 or settle to thereby deteriorate the
extraction efficiency of light from light emitting device 4 and
first wavelength conversion unit 6, possibly resulting 1n fail-
ure to achieve an i1deal i1llumination capability.

It 1s difficult, however, to adjust the viscosity of the resin so
that the phosphor 1s uniformly dispersed 1n the resin and the
phosphor does not settle. In view of this, the present embodi-
ment mixes resin flakes 8 together with the phosphor 1n the
silicone resin so as to be able to prevent settlement of the
phosphor before the liqud resin cures and thereby produce
second wavelength conversion unit 7 in which the phosphor1s
uniformly dispersed. Such a simple method that adjusts the
amount of resin flakes 8 can be used to manufacture an opti-
mum light emitting apparatus 20, according to the conditions
such as the amount of phosphor forming second wavelength
conversion unit 7, the viscosity of the resin, and the like.

Further, resin flakes 8 without phosphor contained therein
are optically transparent to the primary light from light emat-
ting device 4 and the secondary light emitted from the phos-
phor. Therefore, from before the liquid resin cures, a path
through which the light 1s transmitted can be secured in
advance by resin tlakes 8. In this way, light emitting apparatus
20 1n FIG. 8 1s manufactured.

Next, the movement of light through light emitting appa-
ratus 20 1n the present embodiment will be described. The
light emitted from light emitting device 4 passes through {first
wavelength conversion unit 6 and enters second wavelength
conversion umt 7. Here, 1n the case where a part of the light
from light emitting device 4 passes through only the portion
from the resin layer of first wavelength conversion unit 6 to
the resin layer of second wavelength conversion unit 7, blue
light from light emitting device 4 1s extracted substantially as
it 1s.

Another part of the light from light emitting device 4 passes
through the resin layer of first wavelength conversion unit 6,
the red phosphor which 1s a nanocrystal, the resin layer of first
wavelength conversion unit 6, and resin layer of second wave-
length conversion unit 7 in this order, and 1s extracted as red
light. Still another part of the light from light emitting device
4 passes through the resin layer of first wavelength conversion
unit 6, the resin layer of second wavelength conversion unit 7,
the Eu-activated [3-s1alon phosphor, and the resin layer of
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second wavelength conversion unit 7 in this order, and 1s
extracted as green layer. Still another part of the light from
light emitting device 4 passes through the resin layer of first
wavelength conversion unit 6, the red phosphor which 1s a
nanocrystal, the resin layer of first wavelength conversion
unit 6, the resin layer of second wavelength conversion unit 7,
the Eu-activated [3-sialon phosphor, and the resin layer of
second wavelength conversion umit 7 in this order, and 1s
extracted as red light.

As seen from the above, because resin flakes 8 are mixed in
second wavelength conversion unit 7, the phosphor of second
wavelength conversion unit 7 1s dispersed without settling,
and the optical path under resin tlake 8 can be secured. Thus,
the probability that the light from first wavelength conversion
unmit 6 scatters 1s lowered, and the light can efficiently be
extracted.

As heretofore described, resin flakes 8 can be added as
done 1n the present embodiment to disperse the phosphor 1n
the well-balanced manner and efficiently extract the light
from the first wavelength conversion umt. The shape, size,
and content of mixed resin flakes 8 are not limited to those
exemplarily shown in the present embodiment, and may be
determined as appropriate according to specifications such as
color tone of the light required of the light emitting apparatus.

Thus, the simple method that mixes resin flakes in the
wavelength conversion unit can be used to implement a light
emitting apparatus for which the emission color can be
adjusted and set, the influence of light scattering 1s alleviated,
and which 1s therefore bright and excellent in color reproduc-
ibility.

Fourth Embodiment

Next, a method of manufacturing a light emitting apparatus
30 will be described. A second wavelength conversion unit
has a central recess for example as shown 1n FIG. 9, and the
second wavelength conversion unit has a nonuniform thick-
ness in the direction of the optical path of light emitting
device 4. After first wavelength conversion unit 6 1s produced
in a similar manner to the first embodiment, an 1on beam 1s
used to partially cut away second wavelength conversion unit
7 to produce light emitting apparatus 30 shown i FIG. 9.

Fifth Embodiment

In FI1G. 10, (a) to (d) show respective cross sections of light
emitting apparatuses 30a to 304 1n a filth embodiment. In
light emitting apparatus 30a shown 1n FIG. 10 (a), the surfac
of a second wavelength conversion unit 72 has a plurality of
wavelike recesses. In light emitting apparatus 305 shown in
FIG. 10 (b), a central portion of a second wavelength conver-
s1on unit 73 has a recess with a substantially U-shaped cross
section. In light emitting apparatus 30¢ shown 1n FIG. 10 (¢),
a central portion of a second wavelength conversion unit 74
has a recess with a substantially V-shaped cross section. In
light emitting apparatus 304 shown 1n FI1G. 10 (d), the surface
of a second wavelength conversion unit 73 has a cross section
in the shape of angled recess and protrusion. The light emiat-
ting apparatuses shown 1n FIG. 10 (a) to (d) are each manu-
factured by a similar method to the manufacturing method of
the light emitting apparatus 1n FIG. 9.

In the light emitting apparatuses of the fourth and fifth
embodiments, the second wavelength conversion unit
includes a relatively thicker portion and a relatively thinner
portion in the direction of the optical path of the primary light.
The relatively thinner portion of the second wavelength con-
version unit, as compared with the relatively thicker portion
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thereot, facilitates transmission of light emitted from light
emitting device 4 and first wavelength conversion unit 6. The
second wavelength conversion unit which is thus partially
varied 1n thickness enables efficient extraction of light from
the first wavelength conversion unit.

A reason why the light extraction elliciency can be
enhanced in the above-described manner 1s as follows. A
thinner portion of the resin layer which forms the second
wavelength conversion unit has smaller absolute amounts of
the resin and the phosphor constituting the resin layer, than a
thicker portion of the resin layer, and accordingly absorbs a
smaller amount of light emitted from light emitting device 4
and first wavelength conversion unit 6. Another reason 1s that
the total number of phosphor particles contained in the thin-
ner portion of the resin layer 1s smaller than that of the thicker
portion of the resin layer, and accordingly, in the thinner
portion, the light emitted from light emitting device 4 and first
wavelength conversion unit 6 1s less likely to be scattered by
the phosphor particles contained in the second wavelength
conversion unit.

Further, the surface of second wavelength conversion unit
72-75 1s partially cut away to leave a thinner portion, and
consequently the surface area contacting the air 1s increased.
Therefore, heat radiated from light emitting device 4 1s dis-
sipated upward more easily from the inside of light emitting
apparatus 30. Thus, reduction of the luminous efficiency due
to heat can be suppressed and thermal deterioration of light
emitting apparatus 30 can be prevented. This 1s more effective
for the case like the present embodiment 1n which a nanoc-
rystalline phosphor susceptible to heat 1s used for first wave-
length conversion unit 6, since the heat dissipation effect can
suppress degradation of the nanocrystalline phosphor.

Further, as shown 1n FIG. 11, a heat dissipation plate 11
may be disposed under light emitting device 4. As a material
for heat dissipation plate 11, aluminum, copper or the like
may be used. Heat dissipation plate 11 can be disposed to
allow the heat to be dissipated as well from the bottom of light
emitting apparatus 30. Since heat 1s thus dissipated from the
top and the bottom of light emitting apparatus 30, a tempera-
ture 1ncrease can further be suppressed. In connection with
the present embodiment, four examples of the shape of the
second wavelength conversion unit have been described. The
shape, however, 1s not limited to them, and the shape and the
thickness may appropniately be adjusted according to the

color tone of light and the light quantity required of light
emitting apparatus 30.

Sixth Embodiment

Next, referring to FIG. 12, a light emitting apparatus of a
sixth embodiment will be described. The present embodiment
differs from the fourth and fifth embodiments in that the area
ol a second wavelength conversion unit 76 1s smaller than the
area of first wavelength conversion unit 6 along the interface
where first wavelength conversion unit 6 and second wave-
length conversion unit 76 abut on each other.

FI1G. 12 1s a cross section of light emitting apparatus 30e in
the present embodiment. The apparatus 1s fabricated so that
the ratio between the area of second wavelength conversion
unit 76 and the area of first wavelength conversion unit 6
along the interface where first wavelength conversion unit 6
and second wavelength conversion unit 76 abut on each other
1s 1:2. Whale the apparatus 1s fabricated here so that the ratio
between the area of second wavelength conversion unit 76
and the area of first wavelength conversion unit 6 1s 1:2, the
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ratio may be adjusted as appropriate according to the color
tone of light and the light quantity required of light emitting
apparatus 30e.

The light emitting apparatus of the present embodiment 1s
manufactured as follows. The manufacturing method
explained above in connection with the first embodiment 1s
used to fabricate light emitting apparatus 10. After this, an 10n
beam 1s used to partially cut away second wavelength con-
version unit 76 so that the ratio between the area of second
wavelength conversion unit 76 and the area of first wave-
length conversion unit 6 1s 1:2, and thereby expose first wave-
length conversion unit 6.

In the present embodiment, a part of the light from first
wavelength conversion unit 6 1s emitted through second
wavelength conversion unit 76 and a part of the light there-
from 1s directly emitted without passing through second
wavelength conversion unit 76. Thus, the light from first
wavelength conversion unit 6 can efliciently be extracted.

This configuration allows a part of the light emitted from
first wavelength conversion unit 6 to be extracted directly
without passing through second wavelength conversion unit
76. Theretfore, a desired quantity of red light emission can be
obtained from first wavelength conversion unit 6, without
partial absorption of the light by second wavelength conver-
sion unit 76 and influence of light scattering. Further, 1n the
region without second wavelength conversion unit 76 above
first wavelength conversion unit 6, heat radiated from light
emitting device 4 1s more easily dissipated upward from the
inside of light emitting apparatus 30e. Therefore, reduction of
the luminous efficiency due to heat can be suppressed, and
thermal deterioration of light emitting apparatus 30e can be
prevented. This 1s more effective for the case like the present
embodiment 1n which a nanocrystalline phosphor susceptible
to heat 1s used for first wavelength conversion unit 6, since the
heat dissipation effect can suppress degradation of the nanoc-
rystalline phosphor.

Seventh Embodiment

Referring next to FIG. 13, a seventh embodiment will be
described. In the present embodiment, the wavelength con-
version unit 1s made up of three resin layers. These resin
layers each contain a phosphor and respective emission bands
of the resin layers are different from each other. It 1s prefer-
able to stack the resin layers 1n such an order that a layer
emitting the secondary light of a relatively longer wavelength
1s located relatively closer to the light emitting device, since a
desired color balance can more easily be obtained. A reason
for this 1s that the secondary light emitted from a shorter
wavelength (larger excitation energy) phosphor like a blue
phosphor for example 1s absorbed by a longer wavelength
(smaller excitation energy) phosphor like a red phosphor for
example, which makes 1t difficult to obtain a desired color
balance. The same 1s applied as well to the above-described
first to sixth embodiments.

In FIGS. 13, (a) to (d) show cross sections of light emitting,
apparatuses 30/ to 30 1n the present embodiment. A resin
layer 81 of light emitting apparatus 30/1n FIG. 13 (a) has a
central portion where a recess with a substantially rectangular
cross section 1s provided. Light emitting apparatus 30g shown
in FIG. 13 (o) has a central portion where a recess with a
substantially U-shaped cross section 1s provided to extend 1in
resin layer 81 and resin layer 82. In light emitting apparatus
30/ of FI1G. 13 (c¢), resin layer 81 has a central portion where
a recess with a substantially V-shaped cross section 1s pro-
vided. In light emitting apparatus 30i shown 1n FIG. 13 (d), a
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recess with a substantially V-shaped cross section 1s provided
to extend 1n resin layer 81, resin layer 82, and resin layer 83.

The wavelength conversion unit thus has the varied thick-
ness, which can facilitate extraction of light from the phos-
phor contained 1n the resin layer located relatively closer to
light emitting device 4. Further, a thinner portion of the resin
layer allows heat radiated from light emitting device 4 to be
casily dissipated upward from the imside of light emitting
apparatus 30. In this way, reduction of the luminous efficiency
due to heat can be suppressed, and thermal deterioration of
light emitting apparatus 30 can be prevented. This 1s more
clfective for the case like the present embodiment 1n which a
nanocrystalline phosphor susceptible to heat 1s used for first
wavelength conversion unit 6, since the heat dissipation effect
can suppress degradation of the nanocrystalline phosphor.
The number of resin layers and the shape, size, depth of the
recess are not limited to the examples 1llustrated in the present
embodiment, and may be determined as appropriate accord-
ing to the specifications required of the light emitting appa-
ratus.

The thickness of the wavelength conversion unit can thus
be varied to enable adjustment and setting of emission color,
alleviate the influence of light scattering, and accordingly a
bright light emitting apparatus with good color reproducibil-
ity can be implemented.

Although the present invention has been described and
illustrated 1n detail, 1t 1s clearly understood that the same 1s by
way of 1llustration and example only and 1s not to be taken by
way ol limitation, the scope of the present invention being
interpreted by the terms of the appended claims.

The present invention can implement a light emitting appa-
ratus capable of utilizing the characteristics of a nanocrystal-
line phosphor and still preventing performance decline and
degradation.

What 1s claimed 1s:
1. A light emitting apparatus comprising;
a light emitting device emitting primary light; and
a wavelength conversion unit absorbing a part of said pri-
mary light to emit a secondary light,
said wavelength conversion unit including
a 1irst wavelength conversion unit containing at least a
nanocrystalline phosphor, and
a second wavelength conversion unit containing a resin
in which a rare-earth-activated phosphor or a transi-
tion-metal-element-activated phosphor 1s mixed, and
in said light emitting device, said first wavelength conver-
ston unit and said second wavelength conversion unit
being closely stacked 1n order,
wherein an optically transparent material without contain-
ing a phosphor 1s mixed in the resin for the second
wavelength conversion unit and has a reflective mdex
identical to or close to a reflective index of the resin for
the second wavelength conversion unit so as to secure an
optical path of light emitted from the light emitting
device.
2. The light emitting apparatus according to claim 1,
wherein
said first wavelength conversion umt and said second
wavelength conversion unit have respective light emis-
sion bands different from each other.
3. The light emitting apparatus according to claim 1,
wherein
a wavelength of the secondary light emitted by said first
wavelength conversion unit 1s relatively longer than a
wavelength of the secondary light emitted by said sec-
ond wavelength conversion unit.
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4. The light emitting apparatus according to claim 1,
wherein
said nanocrystalline phosphor 1s formed of a group I1I-V
compound semiconductor or a group II-VI compound
semiconductor.
5. The light emitting apparatus according to claim 1,

wherein said nanocrystalline phosphor contains one of or
both InP and CdSe.

6. The light emitting apparatus according to claim 1,
wherein said rare-earth-activated phosphor contains Ce or Eu
as an activator.

7. The light emitting apparatus according to claim 1,
wherein said rare-earth-activated phosphor 1s a nitride-based
phosphor.

8. The light emitting apparatus according to claim 1,
wherein

said phosphors are stacked in order of a longer peak wave-

length in a direction of propagation of said primary light.

9. The light emitting apparatus according to claim 1,
wherein

said wavelength conversion unmit has a non-umiform thick-

ness 1 a direction of an optical path of said primary
light.

10. The light emitting apparatus according to claim 1,
wherein

said second wavelength conversion unit has a non-uniform

thickness 1n a direction of an optical path of said primary
light.

11. The light emitting apparatus according to claim 1,
wherein

said second wavelength conversion unit has a smaller area

than said first wavelength conversion unit, along an
interface where said first wavelength conversion unit
and said second wavelength conversion unit abut on
cach other.

12. The light emitting apparatus according to claim 1,
wherein

said light emitting apparatus comprises a heat dissipation

plate near said light emitting device.
13. A method for manufacturing a light emitting apparatus,
comprising the steps of:
mounting a light emitting device on a bottom of a package;
forming a first wavelength conversion unit by mjecting and
curing a liquid resin in which a nanocrystalline phosphor
1s mixed to cover said light emitting device; and

forming a second wavelength conversion unit by 1njecting,
and curing, on said first wavelength conversion unit, a
liquid resin 1n which a rare-earth-activated phosphor or
a transition-metal-element-activated phosphor 1s mixed,

wherein, 1n the forming of the second wavelength conver-
sion unit, an optically transparent material without con-
taining a phosphor 1s mixed 1n the resin for the second
wavelength conversion unit and has a reflective index
identical to or close to a retlective index of the resin for
the second wavelength conversion unit.

14. The method for manufacturing a light emitting appa-
ratus according to claim 13, wherein

said step of forming the second wavelength conversion unit

1s performed by injecting and curing a liquid resin 1n
which said rare-earth-activated phosphor or said transi-
tion-metal-element-activated phosphor and an optically
transparent material without containing a phosphor are
mixed.

15. The method for manufacturing a light emitting appa-
ratus according to claim 13, further comprising the step of
removing a part of said second wavelength conversion unit.
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